Novae have long been expected to be sources of emission at several MeV from the decay of radioactive elements in the novae ejecta, however, they were not anticipated to be sources of continuum emission in the GeV energy domain. In March 2010 the Large Area Telescope (LAT) on-board the Fermi Gamma-ray Space Telescope discovered for the first time >100 MeV gamma-ray emission from a nova within our galaxy, V407 Cyg. The high-energy spectrum and light curve was explained as a consequence of shock acceleration in the nova shell as it interacts with the local ambient medium. While this was an exciting and important discovery it was suspected that the necessary conditions for high-energy emission from novae would be rare. In June 2012 the LAT detected two new transient sources that have been associated with classical novae observed in the optical, Nova Sco 2012 and Nova Mon 2012. We report on the observational properties of the population of gamma-ray novae, their similarities and differences and the emission processes that generate the high energy radiation in these systems.
Introduction
Novae have been observed by astronomers for thousands of years although it is only in more modern times that the processes behind these cosmic eruptions has become clear. Classical novae (CNe) are a subset of cataclysmic variables, binary systems that host a white dwarf (WD) that accretes material from the secondary star. In the vast majority of these systems the orbital period ranges between ∼1.4-8 hours and the secondary star is a low mass, main sequence star; there are a few longer period systems in which for the secondary star to fill its Roche Lobe it has to have evolved off the main sequence 1 .
The WD accretes material off the secondary star building up H-rich material on its surface. Once sufficient material has accumulated for the critical pressure/temperature to be achieved at the base of the accreted envelope then a thermonuclear runaway explosion is triggered producing a CN event. The outburst increases the luminosity to L∼10 4 L ⊙ and large amounts of mass are ejected at high velocities 1 , typically M ejecta ∼ 10 −5 − 10 −4 M ⊙ and v ejecta ∼ 10 2 − 10 3 km s −1 . The inter-outburst period of CN explosions is believed to be ∼ 10 3 − 10 4 years.
Conversely, recurrent novae (RNe) have inter burst timescales of the order of decades. Only ten such systems have been identified within our Galaxy and are broken into three subclasses: RS Oph/T Crb systems with long orbital periods (∼100s days) and red giant donors with heavy winds; U Sco systems are characterised by containing a more evolved main sequence or sub-giant secondary with orbital periods of order a day and extremely high ejection velocities; T Pyx are short orbital period systems that show slower optical decays than the other RNe. MeV γ-ray line emission has long been predicted from novae as a consequence of the decay of radioactive elements produced in the nova explosion 2 , however, prior to the discovery of GeV emission from V407 Cyg by the Fermi Large Area Telescope (LAT) in 2010 3 there had been no predictions of continuum emission at such high energies.
V407 Cyg: The first γ-ray nova
On 11 March 2010 Japanese amateur astronomers reported the discovery of a new 8 th magnitude nova in the Cygnus constellation 4 . The nova was identified as originating from the known symbiotic binary, V407 Cyg. This systems comprises of a hot WD accreting from a Mira-type variable red giant and consequently the WD is embedded in a particularly dusty environment generated by the heavy wind of the donor star.
The discovery of a classical nova event in this system was completely unexpected compounded by the unexpected discovery of γ-ray emission above 100 MeV from the nova by the LAT 5,3 . The γ-rays were detectable for approximately two weeks after the optical nova onset with an average spectral energy distribution in the form of a power law with an exponential cutoff and flux above 100 MeV of 4.4 × 10 −7 ph cm −2 s −1 . The onset of γ-ray emission was consistent with the optical onset. The γ-ray light curve of the 2010 V407 Cyg eruption is shown in the lower panel of Figure 1 .
The γ-ray emission was explained by the nova ejecta shell expanding outwards and colliding with the stellar wind of the red giant companion and forming a shock front where particles could be accelerated to high energies. The line connecting the WD with the donor star contains the largest local density enhancement attributable to the red giant wind in which the nova shell can sweep up material in a fashion similar to what is ascribed in supernova explosion models. Taking the estimated parameters of the system (wind density, ejecta velocity, etc...) and the measured spectral energy distribution, it was shown that this model could feasibly produce γ-ray emission through the decay of neutral pions produced in proton collisions or inverse Compton (IC) scattering off accelerated electrons 3 . More detailed modelling of the environment has suggested that leptonic processes may be dominant 6 . The direct link between the dense local wind environment and the γ-ray production mechanism and the rarity of symbiotic and RS Oph type RNe systems led to the suggestion that 'γ-ray' novae would be exceptionally rare events 7 . On 22 June 2012 another new unidentified γ-ray source was detected by the LAT, Fermi J0639+058 13 ; proximity to the Sun prohibited follow-up observations at other wavelengths. In August 2012 a late-stage optical nova, Nova Mon 2012, was discovered within the LAT error circle 14 . The first optical spectra were taken approximately 55 days after the γ-ray peak and identified the WD as being a member of the ONe class 15 i.e. the more massive class of WDs. This system has also been associated with the more common CNe systems and has been identified as having a tight binary orbital period of ∼7.1 hours 16 .
Summary
The Fermi -LAT light curves of all three novae are shown in Figure 1 and can be seen to be remarkably similar. However, as demonstrated by the summary of some their more general multi-wavelength characteristics in Table 1 there are also a number of distinct differences. Most notable is that the two 2012 novae appear to be CNe in the traditional sense and so the γ-ray production mechanism invoked to explain the emission in V407 Cyg cannot be applied suggesting that there is another mechanism in action in these systems. This raises the potential for many other CNe and RNe to be γ-ray bright, although it is equally evident that numerous other optically detected CNe have not been reported by that LAT. Only with further study and analysis will we be able to identify the γ-ray production channels and determine what fraction of the Galactic novae population are capable of producing emission at these high energies.
